We realize and investigate ionic liquid gated field-effect transistors (FETs) on large-area MoS2
electronic functionality can be realized on large-area MoS2 monolayers produced by controllable and scalable techniques.
TEXT.
Monolayers of semiconducting transition metal dichalcogenides (TMDs) based on molybdenum and tungsten are at the focus of considerable attention because their electronic properties enable the investigation of interesting physical phenomena and offer a significant potential for future applications 1, 2 . These monolayers are direct band-gap semiconductors that interact strongly with light, properties that make them attractive for the realization of opto-electronic devices 3 . Indeed, a variety of structures -such as photodetectors 4 , solar cells 5, 6 , light-emitting diodes [5] [6] [7] [8] and lightemitting transistors 9 -has been investigated and shown to be promising either because of their particularly good performance (e.g., very high sensitivity of photo-detectors 4 ) or of their rather unique functionality (e.g., the possibility to control the emission of circularly polarized light 10 ).
So far, the vast majority of opto-electronic devices based on semiconducting monolayer TMDs has relied on individual flakes exfoliated from bulk crystals. Nevertheless, the development of a viable technology will require the realization of structures produced through a controllable and scalable process. Progress in this direction is well on its way, as the growth of large-area, highquality atomically thin layers (down to monolayers) of MoS2 [11] [12] [13] [14] [15] [16] [17] [18] , MoSe2 19, 20 , WS2 21 and WSe2 22 has already been demonstrated by means of chemical vapor deposition (CVD). CVD-grown atomically thin layers of semiconducting TMDs have indeed started to be used for the realization of integrated circuits 23 , gas-and photosensors 24 , and flexible transistors 25 . Only limited work, however, has focused on opto-electronic applications, possibly because most opto-electronic functionalities rely on the occurrence of ambipolar transport, which is extremely difficult to observe experimentally in CVD-grown monolayers of semiconducting TMDs. Indeed, ambipolar transport in CVD-grown monolayers has been reported for the first time only recently in WSe2, 26 and its observation required sweeping the gate voltage by approximately 200 V, a range by far not compatible with practical applications.
Here, we report on the use of high-quality, large area CVD-grown MoS2 monolayers to realize ionic liquid (IL) gated field effect transistors (FETs) that work both in electron and hole accumulation. We exploit these ambipolar FETs to perform two different types of experiments.
First, we take advantage of the very large capacitance of the ionic liquid gate to quantitatively estimate the single particle band gap  of MoS2 monolayers directly from the FET transfer curve, a measurement that could not be done until now because -contrary to the case of thicker MoS2 layers 27 -ambipolar transport in monolayer MoS2 had not been reported yet. From measurements on different devices, we obtain values of  ranging from 2.4 to 2.7 eV. Secondly, we drive our ionic liquid gated FETs in the ambipolar injection regime, in which charge carriers of opposite polarity are injected at the source and drain contacts. In this regime, we detect electroluminescence at the energy corresponding to recombination of excitons in monolayer MoS2, from the region close to the hole injecting contact. A detailed analysis of the spectra of the emitted light and of their evolution with applied bias shows -consistently with the result of gate-dependent transport measurements -that the confinement of the light emission near the contact region is caused by impurity states broadly distributed in an energy range of 250-300 meV above the top of the valence band, acting as deep traps for holes. Our results lead to an internally consistent microscopic scenario accounting for the observed transport properties and electroluminescence of monolayer
MoS2
. Additionally, they demonstrate the possibility to employ large-area CVD-grown MoS2 monolayers to realize ambipolar devices enabling light emission and operating on a voltage scale compatible with practical applications, a conclusion that has technological relevance for the development of opto-electronic devices based on atomically thin semiconducting TMDs.
Large-area MoS2 monolayer is shown in Fig.1a (the red arrows point to the edges of the film).
The monolayer nature and the uniformity of the material are assessed by optical characterization. 17, 18 , the higher energy shoulder originating from the B-exciton transition that is seen in the exfoliated monolayer is not detected in the CVD-grown material). We conclude that both Raman and PL measurements show that the material grown is monolayer MoS2.
To probe the material homogeneity we map the PL signal by illuminating as-grown monolayers locally with a laser beam (the spot size is approximately 1 m in diameter). We focus on the energy of the A-exciton peak and its full width at half maximum (FWHM), which are sensitive to defects 31 and impurities 32 . Maps of these two quantities are shown in Fig. 1e , f. Except for individual points (originating from a glitch in the measurements), the A-exciton energy ranges from 657.3 to 662.6 nm (i.e., from 1.871 to 1.887 eV) and the FWHM from 22.1 to 26.6 nm (i.e., from 63.5 to 76.4 meV). We compare these ranges with the spread measured on five distinct exfoliated MoS2 monolayers, for which the peak position varies in the range 657.8-672.5 nm (1.844-1.885 eV) and the FWHM ranges from 23.6 to 36.9nm (67.5-101.1 meV). Our large-area CVD-grown monolayers, therefore, exhibit smaller spread in optical properties than the sample-to-sample variations found in individual MoS2 monolayers exfoliated from bulk crystals. We conclude that the homogeneity of our CVD-grown MoS2 monolayers is satisfactory.
Electronic transport measurements are done using FETs realized on as-synthesized material (see of VG remains within a few hundreds milliVolts from threshold (see Fig. 2b ). Increasing the range over which VG is swept results in a larger hysteresis (see Fig.2c ) and is accompanied -upon The current upturn seen past the saturation regime at large positive VSD and small (to moderate)
VG values is worth commenting (see Fig. 2d for VSD = 1.5 V or larger). It is an experimental manifestation of the onset of the ambipolar injection regime, in which electrons and holes are simultaneously injected at the two opposite contacts in the transistor 38 The observed behavior is different from the one expected for ideal operation of light-emitting transistors 45 , in which case the location where light is emitted from shifts in the channel upon varying VSD. To ensure that emission does indeed occur from exciton recombination in the MoS2 monolayer, and not from uncontrolled processes associated to carrier injection from the metal, it is therefore important to measure the electroluminescence energy spectrum. This is shown in Fig.   4b (red curve) together with the PL spectrum measured on the same devices, away from the contact region (blue curve; as discussed above -see Fig. 1d -the large sharp line at 690 nm and the smaller features just above 700 nm originate from PL of the sapphire substrate). The dominant peak in the electroluminescence spectrum coincides with the one in the PL spectrum, confirming that the light emitted from the bright spots indeed originates from exciton recombination in the MoS2
monolayers. The electroluminescence spectrum shows an additional smaller and broader peak at approximately 770 nm (1.6 eV), whose origin is discussed in detail below (in the PL spectrum acquired at room temperature this peak is absent but it appears after cooling the sample to T = 77 K; see Supplementary Information Fig. S3 ).
At a first glance, the behavior of the observed electroluminescence appears similar to the phenomenology that has been reported previously 7 in devices realized using exfoliated monolayer MoS2. A more careful inspection of the data, however, shows that important differences are present in the two cases, in particular in the evolution of EL spectrum upon increasing the applied bias. As we discuss below, the possibility to compare the gate-dependent ambipolar transport data with the bias dependent EL measurements in our devices provides strong evidence for a simple physical scenario that explains virtually all our observations. This scenario enables us to draw consistent conclusions about some aspects of the properties of CVD-grown MoS2 monolayers, most notably of the in-gap states present at energies just above the top of the valence band.
To understand the behavior of the EL observed in our devices, it is important to realize that under the ambipolar injection conditions leading to light emission, transport occurs in the so-called space charge limited regime 46, 47 for both electrons and holes. In this regime the charge carriers responsible for the current flow are not accumulated by the applied gate voltage, but are injected from the contacts (electrons at one contact and holes at the other), due to the large applied bias. As it is well established, the space charge limited transport regime is extremely sensitive to defects acting as trap for charge carriers, whose presence determines the profile of the electrostatic potential inside the material, and therefore the spatial distribution of the injected charge. In particular, a large density of "deep traps" -i.e., traps having an energy many times larger than kTcan result in the spatial localization of carriers close to the injecting contact at low bias, and charge can penetrate deeper into the material only when a sufficiently high bias is applied (if the density of deep traps is large, the bias required to induce complete detrapping may be too high to be reached in the experiments without causing device failure) [46] [47] [48] . These considerations are relevant here because, as mentioned earlier, the measurement of ISD as a function of Vref (Fig. 3a) shows that a large density of states is present in the gap at an energy approximately 250-300 meV above the top of the valence band. At room temperature, these states act as traps for holes with a trapping energy of 10 x kT or larger (i.e., they are deep traps), and cause the space charge due to the injected holes to remain localized close to the injecting contact. This explains why the position where electroluminescence originates from does not shift significantly upon increasing VSD.
In the spectrum of the measured EL, the effect of trapping manifests itself in the shallow peak seen at energies below the peak at 660 nm originating from the recombination of "free" excitons, as usually observed in MoS2 (see the red line in Fig. 4b ). Indeed, the broad peak is 250-300 meV lower in energy than the free exciton peak, and this difference corresponds quite precisely to the energy of the trap states determined by the analysis of ISD -vs-Vref shown in Fig. 3a (in simple terms, the broad low-energy peak is due to excitons formed by an electron and a trapped hole that emits a photon of lower energy when recombining). The dependence of the amplitude of broad peak on VSD -shown in Fig. 4c -is consistent with the trapping scenario that we have outlined: as the applied bias increases, the amplitude of the shallow peak decreases relatively to the main "free" exciton peak because a larger VSD tends both to fill trap states and to de-trap holes, thereby increasing the number of free excitons relative to that of trapped ones. Interestingly, the trend shown in Fig. 4c leads to a sharpening of the spectrum upon increasing VSD. This behavior is qualitatively the opposite of what has been observed by Sundaram et al. 7 in the EL of exfoliated MoS2 monolayers, where the spectrum of the emitted light broadened very significantly in energy upon increasing VSD. The large bias-induced broadening was attributed to hot photoluminescence, a conclusion that certainly appears plausible in those devices, because the power-per-unit-surface injected under the biasing conditions needed to observe EL was approximately 10 4 times larger than in our experiments. These considerations illustrate how electroluminescence in MoS2 monolayers can exhibit different behavior depending on the transport regime. It is only through the careful combined analysis of detailed aspects of the transport and opto-electronic processeswhich in our devices is made possible by the use of an ionic liquid gate -that a consistent microscopic picture of the properties of MoS2 monolayers can be established.
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